ABSTRACT: Japanese sea bass Lateolabrax japonicus larvae and juveniles were collected from Ariake Bay in order to study changes in larval diets with increasing size and changing ontogeny. Larvae of 11 to 15 mm standard length (SL) (mainly postflexion) fed on small prey such as copepod nauplii, copepodites, adult Oithona davisae and other cyclopoids; no empty guts were recorded. Metamorphosing larvae (16 to 17 mm SL) consumed prey of intermediate (Paracalanus parvus) and larger (Acartia omorii, Sinocalanus sinensis, Tortanus derjugini, Calanus sinicus, Pseudodiaptomus marinus) sizes. The highest proportion of empty guts (42%) was recorded at this stage. The frequency of empty guts decreased steadily with the establishment of foraging on larger prey. The contribution of larger prey to the diet increased with fish size, and an exclusive large prey diet was achieved at 24.0 mm SL after which the proportion of empty guts was minimal. We conclude that a critical period in Japanese sea bass may occur at metamorphosis during larva-juvenile transition, which is associated with an ontogenetic dietary shift from smaller to larger prey.
INTRODUCTION
Food-mediated mortality is cited to be an important source of mortality in the early life of fishes and, therefore, a possible regulator of recruitment and year class strength. One potential source of food-mediated mortality during early larval life is the failure to establish feeding. Low prey densities or reduced prey capturing abilities could result in starvation of larvae or in weakened individuals that are susceptible to predation and other sources of mortality. Several hypotheses have been proposed to describe food-mediated mortality and to identify the period of larval life during which mortality may be concentrated (see Leggett & DeBlois 1994 and references cited therein). Hjort's 'critical period' hypothesis was the first and most widely discussed hypothesis that proposed a causal link between feeding, larval survival, and recruitment (Hjort 1914 (Hjort , 1928 . According to this hypothesis, the critical period corresponds to the transition of larvae from endogenous to exogenous feeding, and recruitment variability is regulated largely by the level of prey abundance at that time. Several reports suggest that critical periods in fish larvae may also occur at other intervals in the life history, such as metamorphosis (Vladimirov 1975 , Blaxter 1988 , Thorisson 1994 , Chambers et al. 2001 ). Occurrence of a critical period during the first-feeding or other stages in Japanese sea bass is not known.
Body size or growth of young fish is frequently suggested to be related to survival and subsequent recruitment. Most studies on size-and growthdependent mortality of various species (e.g. Hovenkamp 1992, Rice et al. 1993 , Meekan & Fortier 1996 have concluded that fast growth enhances survival. Faster growing larvae are generally available to predators for a shorter period of time before metamorphosis to the juvenile stage (the 'stage duration' hypothesis; Anderson 1988 , Cushing 1990 . Therefore, achieving faster growth to rapidly become bigger (the 'bigger is better' hypothesis; Miller et al. 1988 ) is an important survival strategy in fish larvae. Fast growth may be achieved through size-selective foraging by fish that shift their diets from smaller to larger prey as they grow.
The Japanese sea bass Lateolabrax japonicus is a euryhaline marine fish distributed throughout the sea margin around Japan, and is an important species for commercial and recreational fisheries. In Ariake Bay, spawning of bass occurs in the middle part of the bay (shown in Fig. 1 ). The pelagic larvae are zooplanktivorous and feed predominantly on copepods, which are available over wide size spectra in the bay. Factors affecting larval survival and recruitment dynamics of Japanese sea bass, particularly the role of prey density, are largely unknown. In this study, we described sizeselective foraging and an ontogenetic dietary shift in Japanese sea bass larvae. We also identified the occurrence of a possible 'critical period' during the larvajuvenile transition that is associated with the dietary shift and may have potential demographic consequences.
MATERIALS AND METHODS
Ariake Bay, Japan (Fig. 1) is a shallow, semienclosed coastal bay with large tidal amplitude (~6.0 m). This is the largest tidal wetland in Japan with an approximate area of 1700 km 2 . The bay receives water source from the East China Sea, the Pacific Ocean, and the Japan Sea. Water also drains into the bay as freshwater discharge through numerous channels. This is a well-mixed bay, supporting a dynamic and heterogeneous ecosystem with a unique biodiversity and important commercial fisheries. The shallow embayments and estuaries of the bay have high copepod abundance and are important nurseries for many fish species. Dominant copepods include Oithona davisae, Acartia spp., Calanus sinicus, Paracalanus parvus, and Pseudodiaptomus marinus that vary in size from ~0.40 mm to ~3.5 mm in length. Therefore, a wide range of sizes of copepods are available as prey for larval fishes in this ecosystem. However, O. davisae, a cyclopoid copepod, is the most abundant species and contributes nearly 50% to total copepod density throughout the year. The greatest concentrations of this small copepod correspond to areas where sea bass spawn (Okazaki et al. 2005) , which suggests that this copepod may form an important part of the diet of firstfeeding bass larvae.
Sampling was conducted in the upper part of the bay, extending from the mouth of the Chikugo River to nearly 15.0 km downstream (Fig. 1) . Sea bass larvae were collected by a total of 32 tows from 4 sampling stations during 4 cruises in the boreal spring season (Table 1) of 2001, using a larva net (1.3 m mouth diameter, 5 m long, 1 mm mesh at the body, and 0.33 mm mesh at the cod end). Samples were immediately fixed with 10% formalin at the sampling station. All larvae and juveniles were counted, measured (standard length: SL), and classified into developmental stages. Fish of 11.0 to 15.0 mm SL were composed of flexion and postflexion larvae; transition from larva to juvenile occurred at 16.0 to 17.0 mm SL, which coincided with metamorphosis; fish >17.0 mm SL were considered to be juveniles. The digestive tracts (from esophagus to rectum) of individual larvae and juveniles were dissected with fine needles under a microscope. A total of 310 larvae and juveniles representing all available size groups were analyzed for gut contents. The digestive tracts were opened and food organisms were separated and examined at 2000× magnification. Prey organisms were counted and identified to the lowest possible taxonomic category. To determine gut content dry weights, gut contents were filtered through predried and pre-weighed filter papers (Whatman GF/F) and the filter papers were then dried in a thermostat oven at 45°C for 24 h. Dry weights of the gut contents were determined from the difference in weights before and after filtration and drying. 
RESULTS
A total of 1918 larvae and juveniles were collected by 32 tows, with an average density of 5.4 fish per 100 m 3 . Larvae ranged in size from 11.2 to 35.2 mm SL. Total numbers as well as fish density at each station and during each cruise are shown in Table 1 . Mean (± SD) fish density was 9.2 ± 8.5, 9.1 ± 4.3, 2.4 ± 3.7, and 0.8 ± 0.4 larvae and juveniles per 100 m 3 on 11 March, 23 March, 10 April, and 22 April 2001, respectively.
A total of 9 major prey categories were identified. Prey categories were composed mainly of calanoid and cyclopoid copepods. They were Acartia omorii, Calanus sinicus, copepod nauplii and copepodite, Oithona davisae, Paracalanus parvus, Tortanus derjugini, Pseudodiaptomus marinus, and Sinocalanus sinensis (Fig. 2 ). There were 3 major size categories of prey. The smallest size category, which was comprised of O. davisae, copepod nauplii and copepodites, comprised the total diet of larvae of SL up to ~16.0 mm (Fig. 2) . Paravalanus parvus, which constituted the intermediate size category, was the major prey during the larva-juvenile transition and in young juveniles ranging in size from 16.0 to 18.0 mm SL (Fig. 2) . Contribution of P. parvus to the diet dropped sharply in fish >18 mm SL, when S. sinensis and A. omorii became dominant. The largest size category of prey was composed of A. omorii, S. sinensis, T. derjugini, C. sinicus, and P. marinus, with A. omorii overwhelmingly dominant (Fig. 2) . These juvenile bass did not consume smaller prey such as O. davisae, nauplii, and copepodites, even though these prey were abundant in the environment. Therefore, strong selective foraging in larval and juvenile Japanese sea bass was observed, and the selective foraging was associated with prey size as is apparent from the result of prey length and weight in each size class (Fig. 2) .
A dietary shift from smaller to larger prey occurred at 15.0 to 17.0 mm SL. Paravalanus parvus was an important prey of intermediate size during the dietary shift. The shift coincided with a high proportion of empty guts (Fig. 2) . While no empty guts were recorded in 11 to 15 mm SL larvae, as much as 42% of ) of bass larvae and juveniles and copepod density (no. m fish had empty guts at 16 mm SL during larva-juvenile transition. The incidence of empty guts dropped sharply with the onset of foraging on larger prey by larger juveniles. The proportion of empty guts stabilized again to a minimum (nearly 0%) at 24 mm SL, which corresponded to a complete establishment of foraging on larger prey (Fig. 2) . Thus, bass larvae and juveniles foraged on 2 completely different size groups of prey before and after the period of dietary shift. The smaller size group (mean length and weight: 0.415 mm and 1.05 µg, respectively) was comprised of Oithona davisae, copepod nauplii, and copepodites. The larger size group (mean length and weight: 1.53 mm and 3.9 µg, respectively) was composed of the other prey copepod species (Fig. 2) . Copepods in the environment were overwhelmingly dominated by Oithona davisae, followed by Acartia omorii, Paravalanus parvus, Calanus sinicus, Tortanus derjugini, copepod nauplii, copepodite, Pseudodiaptomus marinus, and Sinocalanus sinensis (Fig. 3) . Copepod density at each station and during each cruise is given in Table 1 . A fairly high density of copepods occurred throughout the sampling periods. Mean copepod density was 28.3 (± 9.5) × 10 
DISCUSSION
Development in fishes can be complicated, particularly in those species that undergo several larval stages and end with completed metamorphosis, which is the case in most marine fishes (Thorisson 1994) . Premetamorphic larvae are small, have small mouths, and their digestive system lacks a stomach (Tanaka 1971) . First-feeding larvae usually consume small prey items such as nauplius and copepodite stage or adults of smaller copepods (Oithona davisae in the present study). Since metamorphosis is associated with morphological, physiological, and behavioural restructuring, a substantial amount of energy is required and consumed during this process (Thorisson 1994 , Tanaka et al. 1996 . In addition to the energy that is constantly used for maintenance and growth, extra energy is required during metamorphosis to remodel larval structures into the juvenile form (Thorisson 1994) . This increasing energy demand could be met by a combination of 2 means: (1) by increasing feeding intensity, i.e. capturing and consuming more prey, and (2) by shifting the diet toward larger prey. Although both processes may occur, capturing more prey is generally a process that requires further energy. Therefore, in areas where prey items are available over wide size ranges, a dietary shift from smaller to larger prey would be a better choice because this would produce more energy per unit of effort and, therefore, higher net benefit for maximizing growth (Thorisson 1994 , Dahlgren & Eggleston 2000 .
However, the very small and developing stomachs of metamorphosing larvae are likely to be incapable of taking larger prey (Tanaka 1971 , Thorisson 1994 ). Foraging on larger prey may also be limited by other factors such as the gape size (DeVries et al. 1998) , which is generally small in small larvae. This might be the reason why pre-metamorphic larvae preyed mainly on the smallest copepod Oithona davisae, whereas postmetamorphic juveniles preyed on larger prey such as Paravalanus parvus, Acartia omorii, Sinocalanus sinensis, and Calanus sinicus, despite high abundance of O. davisae in the ambient water. This pattern is consistent with many optimal foraging models concerned with prey selection that have suggested that predators should actively choose to include certain prey types in their diets and reject others (Greene 1986) , in order to maximize growth that enhances the chance of survival (Dahlgren & Eggleston 2000) . However, generalization of the foraging behavior in fishes is difficult, because foraging in larval and juvenile fishes is affected by numerous factors biotic, abiotic and geographical (Dahlgren & Eggleston 2000 , Dowling et al. 2000 , Puvanendran et al. 2004 . We observed that relatively high frequencies of empty stomachs were concentrated around the time of metamorphosis. Higher rates of empty stomachs might be caused by one or a combination of the following reasons: (1) more rapid metabolism because of high energy demand during metamorphosis; (2) cessation of feeding despite prey availability; (3) reduced ability to forage; and (4) low availability of prey of suitable size. Although a considerable amount of literature is available on the morphological, physiological, and nutritional changes associated with metamorphosis in different fish species, empirical evidence of ontogenetic changes in foraging behavior and prey selectivity in the field is relatively sparse. Many studies on ontogenetic changes in the diet of larval and juvenile fishes suggest that dietary shift follows habitat shift, related to settlement from pelagic to benthic habitats (Huessy et al. 1997 , Lomond et al. 1998 , Link & Garrison 2002 . However, very few studies have attempted to relate dietary shift with frequencies of empty stomachs. In absence of sufficient literature, we suggest that the high frequency of empty stomachs in metamorphosing larvae might be associated with prey size.
The mean size of the largest prey category that we observed was at least 3 times larger than the mean size of the smaller category diet, indicating the importance of an intermediate size prey category during the dietary shift. Although Paravalanus parvus was used as a major prey item during the transition, this copepod does not appear to be sufficient as an intermediatesized prey because the size difference between this prey and the smaller prey category was only 0.13 mm; furthermore, it was not as abundant as Oithona davisae (P. parvus 15% versus O. davisae 42% of average total copepod abundance at the sampling stations). This lack of suitable prey resulted in a large proportion of larvae with empty guts during the transition period. The small amounts of food and large proportions of empty guts clearly indicate reduced feeding activities of metamorphosing bass. Although growth rates were not measured during this study, it is reasonable to assume that the reduced feeding activities might have obvious impacts on the growth of metamorphic bass, resulting in a reduced potential for survival for this life stage. High proportions of empty guts thus indicate the occurrence of a possible critical period during the larva-juvenile transition of Japanese sea bass in Ariake Bay, which may be caused by the lack of suitable intermediated-size prey during the process of dietary shift from smaller to larger prey. Larvae passing though this critical period may experience a high level of foodmediated mortality, directly from starvation and indirectly from predation on starved and weakened larvae.
To date, no information is available on the first feeding of Japanese sea bass larvae in the field, and any critical period related to prey availability during the first feeding is not known. From a spatial comparison of copepod nauplii in Ariake Bay, Okazaki et al. (2005) reported the highest density of nauplial copepods (mainly Oithona davisae) to be in areas where higher densities of first-feeding larvae are likely to occur (between the upper and middle part of the bay). From high abundance of smaller prey of several types, we assume that first feeding is not limited by prey availability. Occurrence of a critical period at metamorphosis has been reported by several researchers (see Thorisson 1994) . In a review, Vladimirov (1975) provided evidence of a critical interval at or close to metamorphosis. Blaxter (1988) suggested 5 potentially critical periods including metamorphosis, and Sette (1943) , when studying the survival of Atlantic mackerel Scomber scombrus, stated that if 1 period is to be singled out as the most critical, it must be the period during the transition from larval to post-larval stages. Available literature suggests that critical periods in fishes are not restricted to first-feeding larvae: they may occur during metamorphosis or other parts of the life history and show obvious species variations. Even within a single species, the timing of critical periods may be regionally variable, depending on the variability in hydrodynamic conditions, prey composition and density, and the habitat use pattern by the fish. Although we did not attempt to relate the high frequencies of empty guts with mortality, we assumed that the metamorphosis of bass is particularly hazardous because of poor feeding conditions and high energy demands. Thus, physiological and other transformations associated with metamorphosis may give rise to new types of behavior (Amara & Galois 2004) .
Moreover, high rates of empty stomachs suggest high susceptibility to starvation, poorly conditioned larvae, and reduced probability of survival. Thus, we view metamorphosis as a critical period for Japanese sea bass in Ariake Bay. This critical period corresponds to the dietary shift from smaller to larger prey.
